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The evolutionary origin of myelinating cells in the vertebrate nervous system remains a mystery. A clear delineation of the
developmental potentialities of neuronal support cells in the CNS and PNS might aid in formulating a hypothesis about the
origins of myelinating cells. Although a glial-precursor cell in the CNS can differentiate into oligodendrocytes (OLs), Schwann
cells (SCs) and astrocytes, a homologous multipotential cell has not yet been found in the PNS. Here, we identify a cell type of
embryonic dorsal root ganglia (DRG) of the PNS – the satellite cell – that develops into OLs, SCs and astrocytes. Interestingly,
satellite-cell-derived OL precursors were found in cultures prepared from embryonic day 17 (E17) to postnatal day 8 (P8) ganglia,
but not from adult DRGs, revealing a narrow developmental window for multipotentiality. We suggest that compromising the
organization of the ganglia triggers a differentiation pathway in a subpopulation of satellite cells, inducing them to become
myelinating cells with either a CNS or PNS phenotype. Our data provide an additional, novel piece in the myelinating-
cell-precursor puzzle, and lead to the concept that cells in the CNS and PNS that function to ensheath neuronal cell bodies
and axons can differentiate into OLs, SCs and astrocytes. In sum, it appears that glial fate might be determined over and above
the CNS/PNS dichotomy. Last, we suggest that primordial ensheathing cells form the original cell population in which the
myelination program first evolved.
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I N T R O D U C T I O N
Myelin is a membrane specialization of vertebrates that arose
more than 440 million years ago in the chordate lineage.
Myelin conferred great advantages on vertebrate nervous
systems; rapid action potential conduction became possible
along axons of small diameter, and this new property allowed
for development of vertebrates of very large body size. In effect,
communication between the CNS and body regions at great
distances from the brain and spinal cord was no longer a
limitation. Furthermore, in the CNS, OLs arose that could
myelinate multiple axonal processes, and so conserve space for
the expansion of neuronal cell populations.
The structural and biochemical similarities between SC
and OL myelin argue strongly for substantially common
features of a ‘myelination program’ that operates in both
nervous system subdivisions. This is despite the fact that OLs
and SCs develop from completely different populations of
cellular precursor that separate from one another very early in
ontogeny. When engaged, the myelination program induces
prodigious plasma membrane production, the de novo
synthesis of myelin-targeted polypeptides and, ultimately,
sheath assembly.
It might be expected that environmental factors in the
vicinity of the ensheathing cells would have crucial effects
on their phenotypes. For example, it is well known that SCs,
regardless of their origin, can be triggered to myelinate suitable
axons. OLs and SCs myelinate CNS- and PNS-derived neurons
in culture. The existence of cells in the embryonic mammalian
CNS that have the potential to develop into both types of
myelinating glia, OLs and SCs, has been reported recently
(Mujtaba et al., 1998; Keirstead et al., 1999). Furthermore, SC-
like ensheathing cells are present in the adult CNS as olfactory
ensheathing cells, which have the ability to produce myelin
sheaths in vitro and myelinate axons of both PNS and CNS
neurons in a SC-like manner (Doucette and Devon, 1994;
Gudino-Cabrera and Nieto-Sampedro, 2000; Wewetzer et al.,
2002). It is likely that direct cellular contact between axons
and glial cells serves, at least in part, to guide developmental
‘decisions’ amongst cellular ‘partners’. It stands to reason
that alteration or disruption of intercellular contacts would,
in turn, alter the implementation of the genetic programs
operative during cellular differentiation.
An intriguing system to investigate the differentiation
potentialities of ensheathing cells is the peripheral nerve
ganglia of the dorsal root. In this well-studied system, a large
DRG neuron gives rise to a single ‘pseudo-unipolar’ process
which splits after some distance; a centrally directed process is
generated and a peripheral input process that carries sensory
information from the body wall and deep visceral sites is also
established. These processes may or may not be myelinated,
but they are ensheathed nonetheless. Within the ganglion,
‘satellite cells’ adhere to, but do not myelinate the neuronal
soma. As part of a study on the evolutionary origins of the my-
elination program, we sought to determine whether neuronal
ensheathing cells purified from isolated DRG could be induced
to progress along the myelinating cell lineage.
We found that some satellite cells of the DRG, when
cultured in the absence of anti-mitotic agents, divide and
differentiate into three types of glial cell populations: OLs, SCs
and astrocytes. We suggest that the loss of the organization
of the ganglia triggers an otherwise suppressed pathway in a
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subpopulation of satellite cells, inducing them to become
myelinating cells with either a CNS or PNS phenotype. Our
data provide a novel link in the myelinating-cell-precursor
story that indicates that neuronal ensheathing cells, regardless
of their position in the CNS and PNS, are multipotential glial
precursors.
O B J E C T I V E
Our goal was to determine whether NG2+ cells in the PNS are
multipotential glial cells that can differentiate into either OLs
or SCs depending on environmental cues. As a general strategy
in this study, we excised DRGs, taking strict precautions to
remove nerve stumps that might serve as a contaminating
source of CNS cells. DRG neurons, with their tightly adherent
satellite cells, were isolated from the ganglia, and cultured
for lengthy time intervals. In these cultures, we studied the
developmental potential of an NG2+ subpopulation of satellite
cells.
M E T H O D S
Ganglion dissection
The procedure used for dissection and cell culture has been
described previously (Svenningsen et al., 2003). In brief, a
female Sprague-Dawley rat pregnant with E16-17 embryos was
killed by CO2 treatment. The embryos were extracted under
sterile conditions and placed in a 10 mm Petri dish with cold,
sterile L15 medium. Spinal cords and ganglia were dissected
under microscopic observation and placed in L15 in 35 mm
Petri dishes on ice. DRGs were then individually excised, with
sharp microscissors, at the ganglion–nerve interface, rinsed
and transferred to new Petri dishes containing 2 ml cold L15.
Rat pups (P0 and P8) were decapitated. The body was
washed in 70% alcohol and the ganglia were dissected with fine
forceps and microscissors under the microscope. Adult
rats were killed by CO2 treatment and the backbone dissected
to expose the ganglia and spinal cord. Ganglia were removed
using fine forceps and microscissors. Ganglia were cleaned and
all spinal roots were trimmed away at their entrance point to
the cord. The ganglia were placed in L15 medium on ice.
Dissociation and plating
E17 DRGs were treated (37°C, 15 minutes) with 0.25% trypsin
in Hepes buffered L15 media (Gibco) and mechanically disso-
ciated through a plastic Pasteur pipette. Dissociated cells were
washed in L15/10% serum, to stop the trypsin reaction, and
sedimented at 800 rpm. The pellets were resuspended and
washed twice in cold L15 to remove debris. The cells were
resuspended in Neurobasal media containing 2% B27, 0.3%
L-glutamine (Gibco) and 100 ng ml–1 nerve growth factor,
(NGF, Boehringer-Mannheim). We call this media NB++. No
antimitotics were used in the medium. The cells were plated on
Matrigel or polylysine coated Lab-Tek Chamber slides (Nalge
Nunc International) at approximately 0.5–1.0×105 cells ml–1. At
4–7 days after plating, 50 µg ml–1 ascorbic acid (Sigma) was
added to the media.
P0 and P8 ganglia were incubated (20 minutes, 37°C) in
a mixture of 0.25% trypsin and 2 mg ml–1 collagenase 1A
(Sigma). The dissociated cells were processed as above, with
the addition of 50 U penicillin G and 50 µg ml–1 streptomycin
(Gibco) to the media.
Adult cells were dissociated in trypsin/collagenase (1 hour,
37°C). After rinsing with L15/10% FCS and mechanical tritura-
tion, the cells were centrifuged through a 2 ml column of 15%
bovine serum albumin in phosphate-buffered saline (PBS),
for 5 minutes at 600 rpm to remove myelin debris (Reza
et al., 1999) and plated on matrigel. When culturing adult
DRGs, a slightly different approach had to be used, because
the survival of these cells is lower. We used a medium
specially design for adult neurons, Neurobasal A, plus 2%
B27, 0.3% L-glutamine, 100 ng ml–1 NGF, 50 U penicillin G and
50 µg ml–1 streptomycin.
Percoll isolation
Percoll (Sigma) sedimentation was performed as described
(Seilheimer and Schachner, 1988). We found that neurons of
E17 DRGs are lighter in density than DRG cells purified from
neonatal rats. When spinning the dissociated neurons through
a layer of 35% Percoll, as in the original protocol, no E17
cells went through. We tried several concentrations of
Percoll (35%–20%) and found that sedimentation with 30%
Percoll yielded a very pure population of neural cells with
tightly adherent satellite cells.
Immunopanning
Neuron–satellite-cell units were also obtained by immuno-
panning (Wysocki and Sato, 1978; Dong et al., 1997). The cell
suspension was plated on dishes coated with NG2 antibody.
NG2-expressing cells were allowed to bind to the antibodies
on the plate for 1 hour at room temperature. The unbound
cells were removed and the plate was carefully washed in L15.
The cells were then scraped off, washed twice and plated on
matrigel-coated dishes in NB++ medium.
Immunohistochemistry and BrdU-labeling
Cell cultures and cryosections of the intact DRG were used for
immunocytochemical analysis. Whole ganglia were dissected
and fixed in 4% formaldehyde in PBS for 20 minutes. After
treatment with increasing concentrations of sucrose in
PBS (15% and 30%), ganglia were mounted in Tissue-Tech
(Sakura Finetek) and frozen at –80°C. After freezing, they were
sectioned on a Cryostat CM 3050 (Leica). Cell cultures were
fixed in 4% formaldehyde in PBS for 20 minutes, after which
samples were treated identically. Sections, as well as fixed
cultures, were permeabilized and blocked with 0.1% Triton
X-100 (Sigma) and 5% normal goat serum (Roche Diagnostics
Corp) for 45 minutes, incubated with primary antibodies
diluted in blocking solution for either 2 hours or overnight
and washed with blocking solution for 30 minutes. Secondary
antibodies conjugated to either RRX (Jackson laboratories) or
Alexa 488 (Molecular Probes) were added (1:400 in blocking
solution) for 45 minutes. Cultures and cryosections were then
rinsed twice for 10 minutes in blocking solution and once
in PBS before mounting. Some cultures were treated with
BrdU (55 µM) for 24 hours to determine cell proliferation
at different times. These cultures were treated with HCl
for 20 minutes after fixation and then processed as above.
Antibodies used were as follows: NG2 (Chemicon); PDGFa-
receptor (Santa Cruz Inc); monoclonal S-100 (Chemicon);
polyclonal S-100 (DAKO); GFAP (polyclonal and monoclonal,
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Chemicon); neurofilament (monoclonal and polyclonal,
Sigma); monoclonal MBP (Chemicon); polyclonals MBP,
P0 and PLP (Staugaitis et al., 1990; Sinoway et al., 1994);
Rip (monoclonal from DSHB, Iowa University); and CNP
(monoclonal from Sternberger Monoclonals).
R E S U L T S
Recently, we have developed a method (Svenningsen et al.,
2003) to obtain myelinating cultures from embryonic DRGs,
in which the endogenous glia of the ganglion myelinate
neuronal axons. Antimitotic drugs are not used in this system,
so all cell populations are continually represented in the
culture. By omitting antimitotic treatment and by feeding the
cultures with defined, serum-free media, cell populations
survive, divide and express their differentiation potential.
Interestingly, in these cultures we find cells that exhibit charac-
teristics of oligodendrocyte precursors (OPCs). These are
initially bipolar (Fig. 1A) and later become multibranched.
They express NG2 and PDGFa receptor, which are both defini-
tive markers of the OL lineage. Over time in culture, they
progress to become mature, myelinating OL (Fig. 1B,C). We
considered that the source of these cells might be either stem
cells or ensheathing cells of the DRG.
Are there stem cells in the DRG that can
become OPCs?
Stem cells exist in the embryonic DRG, but these neural-crest-
derived stem cells are restricted to become neurons and glial
cells of the PNS (Hagedorn et al., 1999; Bixby et al., 2002). To
test whether the NG2+/PDGFa+ cells that we observed in
our DRG cultures arose from a stem-cell population, we disso-
ciated DRGs and cultured the cells under conditions known
to favor stem-cell survival (Weiss et al., 1996). The dissociated
cells organized eventually into neurospheres. When plating
secondary neurospheres from such cultures in medium to
enhance differentiation, the stem cells developed into PNS
neurons and SCs, as expected from previous studies. There-
fore, it is unlikely that the stem cells of the ganglia are the
source of cells from which OPCs originate in our cultures.
Satellite cells of the DRG express NG2
In our cultures, satellite cells were considered the most likely
candidates to be the NG2+ cells from which OPCs originate,
because they are glial cells that perform an ensheathing
function and are abundant. However, a conclusive character-
ization of these cells is difficult once they have been removed
from their normal associations with DRG neurons. In the
intact ganglia, satellite cells are tightly apposed to neurons and
have a distinct morphology that permits clear identification.
Therefore, we performed immunocytochemistry for NG2
in cryosections of the ganglia (Fig. 2). In cross-sections of
E17 DRG, a small population of NG2+ cells with satellite cell
morphology is present. This PNS-derived NG2+ cell popula-
tion increases with age up to P8 when all the satellite cells of
the ganglion are NG2+. The population of NG2+ cells decreases
significantly in cross-sections from adult rat DRGs.
Separation of satellite cell–neuron units
In order to examine whether satellite cells are the precursors of
the OPCs encountered in these cultures, satellite cell–neuron
units were separated from other cells of the ganglia. For this
purpose, either immunopanning or centrifugation through
a Percoll gradient was performed after dissociation of the
ganglia. For immunopanning, dissociated E17 DRG cells were
incubated in dishes coated with NG2 antibody. Satellite cells,
which express this antigen, attach to the dish. Because of the
strong interaction between satellite cells and neuronal cell
bodies, these also remained. Both these methods yielded a
population of NG2+ cells that are tightly bound to neural
cell bodies (Fig. 3, upper panels). Over time in culture, these
satellite cells detached from the neuronal soma and developed
OPC-like morphologies (Fig. 3, bottom right panel) similar to
those observed in total DRG cultures.
DRG cells in culture express markers typical of
OPCs
Shortly after plating, we observed DRG neurons (Fig. 4A,
green) surrounded by NG2+ cells (red). Approximately 1 week
after plating, some of these cells detached from the neuronal
Fig. 1. Cells with OL features appear in DRG cultures. (A) PDGF-a receptor-positive cells (red, arrows) are found in the vicinity of neurons (green). (B) PLP-
expressing OLs (green) and myelin protein zero-expressing, myelinating SCs (red) coexist in our cultures. (C) OLs and SCs myelinating side by side. OLs and SCs
are both labeled with Rip (green). The nodal area is labeled with the paranodal marker Caspr (red).
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cell bodies, became stellate-shaped and expressed PDGFa
receptor (Fig. 4B, red) and NG2, which are both markers of
OPCs (Nishiyama et al., 1991; Levine and Nishiyama, 1996;
Nishiyama et al., 1996a; Nishiyama et al., 1996b). Interestingly,
the OPC-like cells are generally observed in close proximity to
the neuronal soma (Fig. 4C). These cells proliferate over the
next 2 weeks (as seen by BrdU-incorporation) (Fig. 4D). After
2.5–3 weeks, many of the stellate-shaped cells downregulate
NG2 and PDGFa receptor expression and begin expressing
Rip, a marker for mature oligodendrocytes (Fig. 4E). In
cultures of 4 weeks and older, these OL-like cells start to
myelinate multiple axons (Fig. 4F). These cells do not produce
basal lamina (data not shown), they are not P0-positive and
they myelinate side-by-side with SCs.
In addition, after 2–3 weeks in culture, GFAP+ cells with an
astrocyte morphology appear in the cultures (Fig. 5). Initially,
these cells are always found in the vicinity of NG2+ cells. The
presence of astrocytes, which are apparently born in the
culture, indicates that the cells responsible for the genesis of
OPCs in our system go through the O2-A precursor stage,
from which either OLs or astrocytes can arise. These PNS-
derived OPCs express the same antigens, PDGFa receptor
and NG2, as CNS OPCs. After a few weeks, they are found
throughout the culture, which indicates that they migrate and
Fig. 2. NG2+ cells are present in intact ganglia. Cross-sections of E17, P0, P8 and adult rat DRGs. The left-hand column depicts the increase in the number of NG2+
satellite cells (red) in the entire ganglia, from E17 to P8. The neurons are labeled green with an antibody for neurofilaments. In adult animals, the population of
NG2-labeled cells is decreased substantially. The middle column shows more detail of neural cell bodies (green) with NG2+ satellite cells (red) at each developmen-
tal time point. The right-hand column corresponds to the red label (middle column) shown as single label, in black and white, to better visualize the satellite cells.
https://doi.org/10.1017/S1740925X04000110
Downloaded from https:/www.cambridge.org/core. Open University Libraryy, on 14 Jan 2017 at 23:38:26, subject to the Cambridge Core terms of use, available at https:/www.cambridge.org/core/terms.
89drg satellite cells are glial precursors
proliferate in a manner similar to O2-A precursors (LeVine
and Goldman, 1988; Reynolds and Wilkin, 1988).
Interestingly, in cultures derived from ganglia taken at P0
or P8, rather than E17, fewer NG2+ stellate-shaped cells devel-
oped in the cultures, and only a few of them matured into
myelinating OLs. When ganglia were taken from adult rats, no
NG2+ stellate-shaped cells developed in the cultures (data not
shown). Therefore, cells that can differentiate into OPCs might
only be present in embryonic and young tissue, or, if present in
the adult ganglia, might require other signals to express their
potential.
C O N C L U S I O N S
• Cells with the capability to differentiate into OPCs are
present in embryonic and post-natal DRGs.
• The satellite cells of the PNS express NG2, a marker of the
oligodendrocyte lineage.
• Disruption of the 3-dimensional organization of the DRG
initiates repressed programs in neuron-ensheathing satel-
lite cells, which allows these embryonic cells to differentiate
into either SCs or OLs.
D I S C U S S I O N
In searching for contemporary derivatives of the original,
primitive myelinating cell, it should be kept in mind that, to
our knowledge, all axons in the animal kingdom are associated
with glial cells that either encase or ensheath them to one
extent or another. This association implies ‘recognition’
between the glial cell and axon, and would seem to be a natural
first step in the generation of a myelin sheath. It should
be noted, however, that although many of the structural
proteins of myelin sheaths have been identified, the controlling
elements that orchestrate the implementation of the
myelination program in diverse species are incompletely
understood.
Glial progenitor cells of the developing CNS committed to
the OL lineage express the chondroitin sulfate proteoglycan,
NG2. Some OPCs persist in the adult CNS. The physiological
function of NG2+ cells in the adult CNS is unknown. NG2+
progenitor cells that express the gene that encodes 2',3'-cyclic
nucleotide 3'-phosphodiesterase display a multipotent pheno-
type in vitro and generate electrically excitable neurons,
astrocytes and OLs (Belachew et al., 2003). Interestingly, cells
expressing NG2 have been reported in postnatal PNS and
identified as immature or non-myelinating SCs (Schneider
et al., 2001). However, characterization of the NG2+ cells in the
embryonic PNS was not performed in that study. So, although
the NG2 antigen is a broadly accepted marker for OPCs, it is
clear that PNS precursors also carry this antigen.
The origin of OL in the CNS is still debated. In one model,
glial-restricted precursors from neuroepithelial stem cells give
rise to astrocytes and OL, but not to neurons (Gregori et al.,
2002; Wu et al., 2002). The other model postulates that OLs
Fig. 3. Neuron–satellite-cell units in culture. After either panning with NG2 antibodies or 30% Percoll centrifugation of dissociated E17 DRGs, we obtained neural
cell bodies (green) with attached satellite cells (red). The attached cells were positive for both S-100 and NG2.
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are derived from precursor cells that generates only motor
neurons and OLs, with astrocytes generated through a separate
lineage (Lu et al., 2002; Park et al., 2002). In addition, there is
evidence of a ‘second wave’, or late migration, of neuroepithe-
lial cells from the spinal cord into the periphery; these cells
differentiate into neurons and satellite cells within the ganglia
(Sharma et al., 1995).
In the context of the glial-restricted-precursor model, one
could argue that cells that give rise to OLs and astrocytes also
may give rise to SCs. We believe that the concept of a common
precursor for OLs and SCs is sustainable because these two
cells perform virtually identical functions and share most of
their protein complement.
Here, we propose that a primitive myelination program is
likely to have developed in ensheathing cells. This program
was then influenced by different environmental cues such as
autocrine and paracrine signals. Environmental cues also
determine the generation of distinct cell types during migra-
tion from the neural crest (Le Douarin, 1986; Le Douarin and
Ziller, 1993; Anderson, 1997; Anderson et al., 1997; Hagedorn
Fig. 4. From satellite cells to OLs? (A) After dissociation and plating, some NG2+ satellite cells (red, arrow) are still attached to the neural cell bodies. (B) Later, they
appear to ‘crawl’ away from the neuronal soma. At this time the cells are also positive for PDGF-a receptor (red, arrows). (C) After 1.5–2.0 weeks, NG2+ cells start
to proliferate, some of them staying near the neuronal cell bodies. (D) BrdU incorporation (blue, arrows) by NG2+ cells (red). (E) After 3 weeks in culture, NG2+
cells downregulate NG2 expression and become Rip+ (green), but some are still NG2+ (red). Arrows point to cells labeled for both Rip and NG2. After 4 weeks in
culture, mature myelinating OLs can be observed. (F) An OL labeled with Rip (green) and PLP (red).
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et al., 1999). Satellite cells can convert into SCs when they
are removed from their regular environment, indicating that
inhibitory cues suppress the SC pathway (Cameron-Curry
et al., 1993). Satellite cells of the DRG express the glycoprotein
Schwann cell myelin protein (SMP) on their surface when
dissociated and cultured, and these cells might acquire the
SC marker when still in close contact with the neuronal
soma (Cameron-Curry et al., 1993). Thus, there seems to be a
negative regulation of expression of the gene encoding SMP by
the DRG environment. Similarly, in our experiments, satellite
cells that are NG2+ when in close contact with the neuronal
soma, originate OPCs after separation. As they leave the
neuronal soma environment, they eventually downregulate
NG2 and express Rip as they progress along the OL lineage.
Interestingly, this pathway is never active in intact tissue.
When the embryonic ganglion is dissociated, the distance
between cells increases and signals mediated by either adhesion
proteins or short-acting, water-soluble substances are lost.
Thus, the loss of the ganglionic 3-dimensional organization
might initiate a default program in ensheathing cells that
allows these embryonic cells to develop into either SCs or OLs.
The repression of a pathway by the cellular environment seems
to be a more widespread phenomenon; olfactory ensheathing
cells can myelinate axons in a lesion environment and in
culture, but not in their natural environment, the olfactory
nerve (Franklin et al., 1996; Li et al., 1998; Barnett et al.,
2000; Kato et al., 2000). The origin of olfactory ensheathing
cells – the olfactory placode – is different from that of neural-
crest-derived peripheral glia and neural tube-derived central
glia, and yet olfactory ensheathing cells have properties of both
central and peripheral glia.
Other investigators working with DRG myelinating
cultures have not observed the OPCs found in our cultures.
This might be due to the method that we use for culturing
embryonic DRGs, in which the endogenous cells of the
ganglion are used for myelination. Because antimitotics are
not used, the OPCs can survive. In the classical method,
all endogenous dividing cells are eliminated and purified,
exogenous SCs added (Bunge et al., 1967; Kleitman et al., 1998).
This might kill not only the OPC population, but also other
cells that provide the microenvironment to support the
differentiation of OPCs into OLs. Therefore, omitting the
treatment with antimitotics and feeding the cultures with
defined, serum-free media provide the conditions for this
novel cell population to survive and express its potential.
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